Long-wavelength infrared (LWIR) frequency modulation (FM) optical data links can have orders of magnitude higher signal-to-noise ratio compared to the amplitude-modulation (AM) systems. 1, 2 High performance of LWIR distributed feedback (DFB) quantum cascade lasers (QCLs) 3, 4 makes them outstanding sources for such links. Control over the effective refractive index of a laser is a useful way for continuous modulation of the laser wavelength. [5] [6] [7] [8] [9] The effective refractive index can be modulated by interband optical excitation of a QCL laser. This method can provide rapid wavelength modulation 6, 8 which is essential for the data link operation. In this paper, we demonstrate continuous tuning of a room-temperature-operated k ¼ 8.52 lm DFB QCL within the range of 0.6 cm À1 (20 GHz) using an off-the-shelf compact 1.3 lm telecom diode laser. This wavelength provides high pumping efficiency since the corresponding emission is absorbed only in the QCL active area and the InGaAs waveguide.
QCLs used in the experiment were first order DFB devices, 1 mm long, with the stripe width of 16 lm. To ensure uniform optical pumping along the whole length of the laser waveguide, a 200 lm wide widow was opened in the substrate contact along the entire length of the laser chip. The window was aligned with the laser stripe. The DFB QCL was mounted on the epilayer side down onto a copper mount. A fiber coupled telecom laser with the output power up to 20 mW and the modulation bandwidth of 500 MHz was used as a pumping source. The pumping emission was focused at the substrate contact window using cylindrical lenses. The QCL spectra were measured using a Fourier transform infrared spectrometer (FTIR) with the spectral resolution of 0.125 cm À1 and a mercury-cadmium-telluride (MCT) photovoltaic detector.
The spectra of interband photoluminescence collected from the facet of the DFB QCL are shown in Figure 1 (a) (inset). Two distinct peaks at 6000 cm À1 (744 meV) and 6750 cm À1 (837 meV) correspond to the bandgap of InGaAs waveguide and the effective bandgap of InGaAs/AlGaAsQCL active region.
For optical tuning experiments, DFB QCLs were operated at room temperature with pump current I ¼ 380 mA, 25% above threshold. Laser spectra at different optical pumping powers are shown in Figure 1 (a). As the pumping power increases, the DFB line shifts toward higher frequencies. The concentration of the photo excited carriers in the QCL waveguide and the active area leads to the QCL effective refractive index variation 6, 8 that scales approximately linearly with the telecom laser light intensity as shown in Fig. 1(b) . After continuous tuning for about 0.6 cm À1 ( Figure  1(b) ), the intensity of the mode drops sharply and another DFB mode appears at the other side of the stop band. The reason for the DFB mode hopping could not be determined unequivocally, but possible candidates include the frequency dependent optical loss, the shift of the stop band with respect to the maximum of the gain spectrum and changes in the reflection phase at the laser facets. Suppression of this mode hopping effect by optimization of the DFB QCL design could further extend the range of continuous tuning.
To measure the bandwidth of the DFB frequency modulation, we used an experimental setup shown in Figure 2(a) . The pumping emission intensity of the fiber-coupled 1.3 lm laser was sinusoidally modulated at frequencies varying from 1 MHz to 500 MHz. The edge of the fiber was placed against the stripe window in the substrate contact of DFB QCL laser. To avoid thermal effects, short bias pulses of 30 ns were applied to the DFB QCL at frequency of 130 kHz. The QCL bias pulses and pumping modulation are not synchronized, as a result the QCL lasing frequency changes from one pulse to another. For very high optical pump modulation frequency, the wavelength output of a DFB QCL may change significantly within the same laser pulse. Since the FTIR scan time and MCT photo detector response time are much longer than the time period between the QCL bias pulses, the obtained FTIR spectrum represents a QCL emission spectrum averaged over the entire QCL tuning range (Figure 2(b) ). When the modulation period of the pumping intensity becomes shorter than the lifetime of the photo excited carriers, the DFB QCL frequency modulation bandwidth decreases and the measured spectrum becomes that of a DFB QCL with continuous-wave pumping with intensity equals to the average of the modulated pumping intensity (Figure 3(a) ). The difference between the intensities of the QCL DC and modulated spectra are plotted as function of pumping modulation frequency in Figure 3 We also observed a reduction of the voltage drop across the QCL structure caused by external illumination. 10 The dependence of the QCL voltage modulation amplitude on the pump modulation frequency at DC bias current of 400 mA is shown in Figure 3(b) . A single pole was observed at frequencies about 200 MHz.
The pumping emission produces electron-hole pairs in 0.4 lm thick InGaAs cladding layers and 2 lm thick InGaAs/ AlGaAs active area. The electrons exited in the AlGaAs waveguide do not go deep into the active area due to electrical neutrality considerations since the hole transport in the growth direction is blocked by the AlGaAs barriers in the active area. More specifically, the concentration of photo excited carriers which produces the observed DFB line shift has been is estimated as 10 16 cm À3 in our previous work. 8 The penetration depth of the waveguide excited electrons from the waveguide into the active area can be estimated as the Debye length of T ¼ 300 K
This is much less than the width of the active region and we can separate the contributions to the effective refractive index made by the carriers excited in the waveguide and the active area. Since most of the QCL bias voltage drops in the active area, only the carriers excited in the active area contribute to the pumping induced voltage modulation. The high frequency pole at 200 MHz can be attributed to the contribution of free carriers in the laser active area, while the 30 MHz pole is the contribution of the photo excited carrier in the waveguide. Based on this assumption, the lifetime of photo excited carriers in the active area is 6.7 times smaller than that in the waveguide.
We estimate that 36% of the total optical power at 1.3 lm is transmitted into QCL is absorbed in waveguide and 25% in active area assuming that the absorption coefficient in the waveguide is 10 4 cm À1 (Ref. 11) . Since the confinement factor of the lasing optical mode in the active area is about 4 times higher than the one in the waveguide, we can conclude that the contribution of the active area to the laser frequency modulation effect is 5.8 times less than the corresponding contribution of the waveguide. This is in agreement with the data shown in Figure 3(b) .
Summarizing, we demonstrated optically tunable room temperature DFB QCL emitting at k ¼ 8.5 lm. Continuous tuning of DFB QCL frequency over 0.6 cm À1 was obtained using optimized optical pumping scheme and a compact k ¼ 1.3 lm laser as a pumping source. The DFB QCL lasing wavelength was modulated at frequencies up to 300 MHz. This work was supported by National Science Foundation Grants ECCS 1028435 and ECCS 1028473.
